In 40-50% of patients with essential hypertension, a high sodium intake does not increase renal blood flow (RBF). These patients have been defined as nonmodulators because sodium intake does not modulate renal and adrenal responsiveness to angiotensin II (All). To define the role of All in mediating this altered responsiveness, we assessed the effect of a converting enzyme inhibitor (enalapril) on RBF and its responsiveness to All in 25 patients with essential hypertension-10 modulators and 15 nonmodulators-and 9 normotensive controls. After 5 d of a 200-meq sodium intake, the nonmodulators did not increase RBF, whereas the normotensives (79±28 ml/ min per 1.73 m2) and modulators (75±26 ml/min per 1.73 in2) did (P < 0.025). Arterial blood pressure did not change in the modulators with the salt loading, whereas in the nonmodulators, blood pressure rose (P < 0.004).
Introduction
We have shown that -40% of patients with essential hypertension, 50% of normal and high renin subjects, fail to increase renal plasma flow or to enhance renal vascular responsiveness to angiotensin II (All)' when they shift from a low to a high sodium intake (1, 2) . This combination of abnormalities raises the intriguing possibility of an inappropriate level or action of All within the kidney. There is an abnormal adrenal response to All in similar patients, and converting enzyme inhibition restores normal adrenal responsiveness (1) (2) (3) (4) (5) . We have termed these individuals nonmodulators since sodium intake does not modulate renal vascular or adrenal responses to All. The purpose of this study was twofold; first, to confirm that nonmodulators indeed fail to increase renal plasma flow in response to a high sodium intake, and second, if so, to ascertain whether converting enzyme inhibition modifies these patients' renal blood flow (RBF) and their renal vascular responsiveness to All. 25 patients with normal or high-renin essential hypertension (age range, 24-65 yr) and nine normotensive subjects (age range, 22-42 yr) were studied in the Clinical Research Center of the Brigham and Women's Hospital. Some of the results in the normal subjects have been reported previously (6) . Patients with low-renin essential hypertension, defined as those having a plasma renin activity in response to upright posture on a 10 meq Na diet of <2.4 ng/ml per h, were excluded (7). Each hypertensive had had outpatient diastolic blood pressure measurements in excess of 90 mmHg on at least three occasions and documented evidence of hypertension for at least 6 mo before the study. Patients with secondary forms of hypertension were excluded by standard methods (2) .
Methods
All antihypertensive medications were discontinued for at least 2 wk before study. All subjects were fed constant, isocaloric diets during their hospitalization. Initially, subjects were placed on a 10 meq Na and 100 meq K diet. After balance had been achieved (7 d), subjects were given a 200 meq Na, 100 meq K intake for 8 d. Fluid intake was maintained at 2,500 ml/d (Fig. 1 ). Daily 24-h urine collections were analyzed for sodium, potassium, and creatinine.
Each study was begun at 8 a.m. after the subjects had been fasting and recumbent for 10 h. An indwelling intravenous catheter was placed in each of the subject's arms-one for infusion, the other for blood sampling.
P-aminohippurate infusion. Renal plasma flow was assessed as previously described (8) . In brief, a control blood sample was obtained (Fig. 1 ).
Laboratory procedures. All blood samples were collected on ice, spun immediately, and the plasma was separated and frozen until the time of assay. Serum and urine sodium and potassium levels were measured by flame photometry using lithium as an internal standard. Serum creatinine was measured by an autoanalyzer technique. All, plasma renal activity, aldosterone, and cortisol were assayed by radioimmunoassay techniques previously described (10, 11) . Cross-reactivity of the All antibody with AI was 0.2%. All All values were corrected for All content in the sample (maximum correction was 5 pg/ml). All levels in charcoal stripped plasma were less than the sensitivity of the assay (7 pg/ml). Plasma PAH concentration was measured by an autoanalyzer spectrophotometric technique (Technicon Instruments Corp., Tarrytown, NY) ( 1).
Group means have been presented with the standard error of the mean as the index of dispersion. Statistical probability was assessed with the t test for paired data that were normally distributed, and the
Results
The hypertensive patients were subdivided into two groups according to their renovascular response to 3 ng/kg per min All infusion on the high salt intake. We previously documented that normal subjects all have a decrement >125 ml/min per 1.73 m2 with this dose (3, 8) . Likewise, in this study, all 9 normotensive subjects and 10 of the 25 hypertensive subjects had a greater decrement. These hypertensive subjects are designated modulators. The other 15 hypertensive subjects, all of whom had a decrement <125 ml/min per 1.73 in2, are designated nonmodulators.
Base-line comparison. The nonmodulator and modulator hypertensives included in this study were sequential admissions and did not differ significantly from each other with respect to age, sex, admission blood pressure, duration of hypertension, evidence of secondary effects of hypertension, serum creatinine, or any other identifiable physiologic characteristic (Table I) . Likewise, on the three days that PAH infusion studies were performed, there were no significant differences between the normotensive subjects or the two subgroups of hypertensive patients in serum sodium, potassium, cortisol, aldosterone, All concentration, or plasma renin activity (Table II) .
Effect of sodium intake on blood pressure in hypertensives.
While diastolic blood pressure was greater in the nonmodulators (87±3 mmHg) than the modulators (83±3 mmHg) on the sodium restricted intake, the difference did not reach statistical significance (Table II ). Yet, both were considerably higher than the normotensives (68±3 mmHg). Furthermore, the decrement in blood pressure from admission to the day the blood pressure was measured on the sodium-restricted intake was not different between the two groups. However, the arterial pressure response to salt loading in the two subgroups was different (Fig. 2) . In the modulators, like the normotensives, there was no systematic change in diastolic blood pressure with salt loading, while in the nonmodulators, diastolic blood pressure rose significantly (P < 0.035). None of the modulators had a rise in diastolic blood pressure exceeding 3 mmHg, whereas nine of the nonmodulators had a greater rise and six of them had a rise >10 mmHg with salt loading (Fig. 2) , a highly significant difference (P < 0.004, FET). RBF response to sodium loading and AII administration. Basal PAH clearances among the three groups of subjects were compared on a high and low sodium intake (Fig. 3) . The normotensive subjects and modulating hypertensive patients had an identical, significant increase (79±28 and 75±26 ml/ min per 1.73 m2; P < 0.025, paired t test) in basal PAH clearance with salt loading. In contrast, nonmodulators failed to increase basal PAH clearance (8±22 ml/min per 1.73 m2).
As anticipated, because of the way the hypertensive subgroups were defined, the renovascular response to All in the nonmodulators on the high salt diet was less than in the modulators or normotensive subjects (Fig. 4 ). There were no differences in the renovascular responses to All between the modulators and the normotensive subjects. The differences in the renovascular responsiveness both to sodium loading and to exogenously administered AII in the nonmodulators could not be explained by differences in the basal systemic activity of the renin-angiotensin system (Table II) Differences in RBF responsiveness to All after converting enzyme inhibition were also observed. In the normotensive subjects and modulators, the renovascular response to All after converting enzyme inhibition was unchanged from that observed before its administration (Fig. 4) . In the nonmodulators, the renovascular response was significantly enhanced (P = 0.027, FET) after short-term converting enzyme inhibition.
There was also a difference in the effect enalapril had on arterial pressure in the two hypertensive subgroups. Converting enzyme inhibition had no appreciable effect on the diastolic blood pressure in the modulators, whereas it produced a fall in the majority of the nonmodulators (Table II and 
Modulators NonModulators
Normotensives Hypertensive Figure 3 . Increment in basal PAH clearance between low and high sodium intakes. Both normotensives (n = 9) and modulators (n = 10) significantly (P < 0.02) increased PAH clearance with sodium loading. In contrast, sodium loading had no effect on PAH clearance in the nonmodulators (n = 14). Afl(ng/kg/ min.) =-Post Figure 4 . Decrement in PAH clearance after All administration. Each subject was studied twice; once before and once after 66 h of enalapril administration. Before administration of the converting enzyme inhibitor, nonmodulators (n = 14) had a significantly reduced (P < 0.01) responsiveness to All both when compared with modulators (n = 10) and to normotensive subjects (n = 9). After converting enzyme inhibition, the RBF response to AII did not change in the normotensives and the modulators but was enhanced significantly (P < 0.027) in the nonmodulating hypertensive subjects.
patients (Fig. 6) . None of the modulators had a reduction in diastolic blood pressure exceeding 4 mmHg, whereas in eight of the nonmodulators the reduction was greater, a highly significant difference (P < 0.01, FET). In most, but not all cases, the individuals who had the greatest pressor response to sodium loading also had the greatest fall in blood pressure with enalapril administration. The pressor response to All was not modified in either hypertensive group by converting enzyme inhibition. In response to a 3 ng/kg per min infusion of All, the increment in diastolic pressure in the modulators pre-enalapril ( 15±1 mmHg) was not different than post-enalapril (15±1 mmHg). Similar lOOr-
Modulators
NonModulators Normotensives Hypertensive Figure 5 . Change in basal PAH clearance after 48 h of enalapril administration. All patients were studied on a 200 meq sodium intake. Only in the nonmodulators (n = 14) did enalapril significantly increase basal PAH clearance (P < 0.02).
findings were found in the nonmodulators (16±2 vs. 15±2 mmHg). Thus, in contrast to the renal vasculature, there was no effect of enalapril on the pressor responsiveness to All.
Discussion
The renal blood supply makes a major contribution to maintain normal sodium homeostasis with changes in dietary sodium intake. With sodium restriction, RBF is reduced, facilitating sodium conservation; with sodium loading, RBF increases, promoting sodium loss (12, 13) . Several lines of evidence suggest that the prime normal mediator of these changes is All. First, the responsiveness of the vascular system to exogenous All is greater on a high than a low salt intake, consistent with the fall in endogenous All concentrations with sodium loading (13, 14) . Second, administration of a converting enzyme inhibitor to subjects on a low salt diet increases both the basal RBF and its responsiveness to infused All to that observed in individuals on a high salt diet (15, 16) . Thus, two techniques (converting enzyme inhibition and high sodium intake), both of which reduce circulating, and presumably intrarenal, All levels, normally increase basal RBF and its responsiveness to exogenously administered All.
We have recently suggested that in a substantial fraction of patients with essential hypertension (40% of the total population, 50% of the normal and high renin subgroup), this normal sodium-mediated modulation of renovascular response to All is absent (1, 2). These individuals have the following characteristics: (a) a decreased adrenal response to All when sodium restricted (1, 3-5); (b) a decreased renal vascular response to All when salt loaded (1); and (c) no increase in RBF after sodium loading (1, 2) . These patients seem to comprise between 40 and 50% of the normal and high renin essential hypertensive population (17, 18) . Because of the fixed renal vascular response to All with shifts in sodium intake, we have termed these individuals nonmodulators. Previous studies have suggested that an increased local concentration of All could mediate this altered renovascular response to sodium loading, but a fixed organic lesion could not be excluded. The results of this study support our original suggestion. Moreover, this study provides evidence that the abnormality may contribute to a pressor response to sodium loading.
This study reports the results in 25 hypertensive patients distinct from those reported previously (1, 2, 5) . Confirming these previous studies, nonmodulators failed to increase renal blood flow (1, 2) and its responsiveness to exogenously administered All (1) Non-Modulators Figure 6 . Frequency distribution of decrement in diastolic blood pressure after 66 h of enalapril administration in 25 hypertensive patients. Note that only nonmodulators (n = 15) had a reduction of 4 mmHg or more in diastolic blood pressure after enalapril administration. The difference in response to enalapril between the two groups was highly significant (P < 0.01).
local All concentration and the number of receptors on the vascular smooth muscle (14) . Thus, one possible explanation for the differences between the modulator and nonmodulator response to sodium loading could be related to nonsuppression of the renin-angiotensin system by the sodium load in the nonmodulator. Under these circumstances, one would anticipate both a smaller increment in basal RBF with the sodium load and a reduced responsiveness when exogenous All was administered. However, no differences were found between the plasma renin activity or plasma All concentration in the two groups (Table II) . There is the possibility that sodium loading only modified the activity of the circulating and not the local, renal renin-angiotensin system. The present data, in conjunction with previous reports, make this a likely possibility. One would anticipate, if excess renal All, for some reason unresponsive to a sodium load, were present in nonmodulating essential hypertensives, that an anomalous increase in basal renal plasma flow would occur after converting enzyme inhibition on a high sodium intake. Indeed, this was observed.
Could the change in RBF be an effect of converting enzyme inhibition other than blocking All formation? We, as well as others, have suggested that converting enzyme inhibitors can modify both bradykinin and prostaglandin production, either of which can cause vasodilatation (19) (20) (21) (22) . Both prostaglandins and kinins blunt, not enhance, the renal vascular response to All. If the renal vasodilatation induced by enalapril reflected kinin or prostaglandin generation, one would not anticipate that renovascular responsiveness to infused All would be enhanced after converting enzyme inhibition. A defect in the All receptor cannot be excluded, although it would be difficult to explain the rapid shift in sensitivity with converting enzyme inhibition on that basis. Thus, the data are most consistent with an abnormal regulation of intrarenal All concentration in the nonmodulators. This hypothesis would also suggest that local renin All concentrations either are of less importance in normotensive subjects and modulators or, more likely, are more influenced in parallel with plasma concentrations by sodium intake.
Does this abnormal regulation of local All reflect a generalized abnormality? We think not. If there was a generalized abnormality in tissue All regulation, one would anticipate a change in pressor responsiveness to All after converting enzyme inhibition, similar to the changes observed in the renal vasculature. Blood pressure increments with the 3 ng/kg per minute A II infusion were indistinguishable between modulators and nonmodulators both before and after enalapril, suggesting that the peripheral vascular renin-angiotensin system is involved minimally.
Other possible explanations for nonmodulation, including age, differences in the level of renal damage, differences in basal PAH clearance before administration of All, or clinical differences expressed in the physical exam, electrocardiogram, duration of hypertension, or admission blood pressure, all are unlikely, based both on the data in this study and from previous reports (1, 23, 24) .
There has been substantial interest in sodium-sensitive normal-renin essential hypertension, but no clear indication as to its pathogenesis. A related, popular analysis of the problem has suggested a bipolar solution; volume factors on the one hand, and vasoconstriction on the other (25, 26) . The results of this study provide insight into both. Only nonmodulators had a pressor response to sodium loading, perhaps secondary to a tendency to retain more of the sodium load (Table II) . One would not anticipate that a converting enzyme inhibitor would be effective in reducing blood pressure in sodium-sensitive, apparently volume-dependent hypertension.
But this study does demonstrate a rather strong correlation between sodium sensitivity of the hypertension and the depressor response after 66 h of converting enzyme inhibition. One clear conclusion is that the factors underlying the hypertension are substantially more complex than the present models would predict.
Finally, this study may provide an explanation for the surprising fact that 40-50% of patients on a liberal sodium intake, sufficient to suppress the renin-angiotensin system, have a substantial blood pressure reduction with converting enzyme inhibitors. The rest usually will not respond unless a diuretic is given to activate the renin-angiotensin system (27) (28) (29) . The responders to monotherapy may be the nonmodulators, although the precise mechanism(s) remain obscure. 
